Abstract: Thermal conductivity measurement is a quick and easy test for compacted soils. This study presents the results of thermal conductivity testing on silt compacted under standard and modified Proctor efforts. A comparison of moisture content measurements from both lab oven and field oven is also presented and discussed. Measured thermal conductivity was correlated to the bulk density and water content. It is further correlated to Young's modulus and Shear modulus of the compacted silt, which were determined through ultrasonic pulse velocity measurements. Several trends were observed which may be used to correlate soil thermal conductivity of the compacted silt to compaction and elastic moduli for quality control/quality assurance of compacted soil.
Introduction
Thermal properties of soils are the topic of many investigations by soil scientists, agriculturalists, biologists, and engineers ͑e.g., Bachmann et al. 2001 ; Abu-Hamdeh and Reeder 2000; Ballad and Arp 2005͒. As stated by Ochsner et al. ͑2001͒ , the distribution of energy through the ground is related to temperature of the soil as well as the flow of heat and moisture through the soil. These properties can have immense affects on seed germination and production of agricultural crops. On the other hand, the study of soil thermal properties also has significant relation to engineering applications ͑Brandon et . The flow of heat through a soil surrounding an underground oil or gas pipeline, electric transmission lines, and heat exchanging devices is the focus of many geotechnical engineering studies ͑Abuel-Naga et al. 2008͒ .
Several methods of determining the thermal properties of soils have been explored including the single probe, dual probe heat pulse, and thermotime domain reflectometry probe ͑Abu-Hamdeh and Reeder 2000; Ochsner et al. 2001͒ . Using these methods, researchers have studied effects of moisture content, organic material, particle size and distribution, temperature, mineral composition, consolidation, and salt concentration on the thermal properties of subject soils ͑Abu-Hamdeh and Reeder 2000; AbuHamdeh 2003; Abuel-Naga et al. 2008͒ . Most of the research work done on the thermal properties of soils was focused on the agriculture application with loosely compacted soil. On the geotechnical engineering application, Brandon et al. ͑1989͒ measured the thermal conductivity of compacted soil. Additionally, they investigated the effect of drying process on the thermal conductivity for the compacted soil at its constant dry unit weight.
Engineers measure soil compaction and elastic moduli during construction for quality control and quality assurance, but are limited by the methods in which to measure soil compactions. In general, nuclear density gauges are used to measure field compaction, but require a great deal of calibration as well as compliance with regulations due to the nature of the machines. Several devices are also available to measure elastic moduli, but are generally cumbersome. The use of other soil properties, such as thermal conductivity, to relate to soil compaction may therefore be an appealing alternative to existing practices. In this study, we attempt to explore the thermal conductivity of compacted silts. By controlling the water content and compactive effort applied to the specimen, the thermal conductivity was measured and correlated to its modulus value which was determined by ultrasonic pulse velocity tests.
Experimental Setup

Material
The soil material selected for this study was chosen for its availability, previous test data, and properties suitable for the study. The soil is a modified loessial, low plastic silt that comes from the Mississippi River Valley near Collinsville, Illinois. The liquid limit of the silt is around 30 and the plastic limit around 24, with a natural clay content close to 15.0%. The material is classified under the Unified Soil Classification System as an ML soil.
KD2 Pro Thermal Properties Analyzer
In this study. a Decagon Devices KD2 Pro Thermal Properties Analyzer was used to record all thermal properties of the soil. The KD2 Pro Analyzer consists of a handheld controller and sensors that can be inserted into subject soil specimen. The handheld controller has an LCD display and key pad, which allows the user to conduct tests either manually or program the controller for automatic readings. It is capable of storing 4,095 measurements and connects to a computer through a nine-pin serial cable. The KD2 Pro Analyzer is compatible with three sensors: a 6-cm single-needle ͑KS-1͒ sensor, a 10-cm single-needle ͑TR-1͒ sensor, and a 30-mm dual-needle ͑SH-1͒ sensor. The single-needle KS-1 and TR-1 sensors are capable of measuring thermal conductivity, and its inverse thermal resistivity, while the dual-needle SH-1 sensor is capable of measuring volumetric specific heat and thermal diffusivity in addition to thermal conductivity and thermal resistivity ͑KD2 Pro 2006͒. The dual-needle SH-1 sensor was used to obtain all data in this study.
The KD2 Pro, when equipped with the SH-1 dual needle sensor, operates on principles of the heat-pulse technique ͑Kluiten-berg et al. 1993; Bristow et al. 1994͒ . One of the needles contains a heating element and the other, a thermocouple. Energy is supplied to the heating needle in the form of heat, which is then transferred into the medium between the needles to be measured by the thermocouple.
Kessler Soils Engineering FMO200 Field Moisture Oven
A Kessler Soils Engineering FMO200 Field Moisture oven was used in conjunction with a laboratory moisture oven to determine the moisture content of each sample. The FMO200 operates based on principles of ASTM standard D4959 ͑ASTM 2007c͒. The FMO200 oven applied heat through two heating platen to a sample while the mass of the sample is measured as moisture is driven out of the sample. The FMO200 calculates the percent moisture, by weight, in the sample until the change in sample weight is less than 0.5% for two minutes. The FMO200 then determines the percent of water contained in the wet sample and presents the moisture content and wet soil mass on the display screen. The FMO200 is capable of testing samples of 100 to 500 g, with a recommended sample mass of 200 g.
The purpose of studying the field moisture oven was to evaluate the reliability of the measurements made with the field oven in relation to the widely accepted laboratory oven. The field moisture oven provides the advantages of mobility, speed of measurement, and with the exception of an external power supply, selfcontained and easily operated system.
Testing Procedure
The silt was mechanically pulverized using a Lancaster Counter Current Batch Mixer, and then passed through a No. 40 ͑425 mm͒ sieve. The minus No. 40 fraction of the soil was retained for further testing. The soil was mixed with water to a specified water content before being bagged and placed in a moist room to cure for 24 h. After 24 h of cure time, the soil was compacted into a 101.6 mm ͑4-in.͒ Proctor mold in accordance with either ASTM standard D698 ͑ASTM 2007a͒ ͑standard compactive effort͒ or ASTM standard D1557 ͑ASTM 2007b͒ ͑modified compactive effort͒. An automatic compaction hammer was used to minimize variance in the compactive effort applied to each specimen. Under standard compaction effort, 600 kN· m / m 3 ͑12, 400 ft· lbf/ ft 3 ͒, the maximum dry unit weight is approximately 16.9 kN/ m 3 at an optimum moisture content near 15%. The maximum dry unit weight under modified compaction effort is approximately 18.4 kN/ m 3 at an optimum moisture content near 11%. After each specimen was compacted, the extension collar was removed and the soil specimen trimmed to the height of the mold. A total of 15 specimens ͑three specimens at each of five moisture contents͒ were prepared using the standard compaction effort and a total of 18 specimens ͑three specimens at each of six moisture contents͒ were prepared using the modified compaction effort.
After the specimen was trimmed, it was left in the mold for testing with the KD2 Pro Thermal Properties Analyzer. In each specimen, four points were tested using the KD2 Pro. Two test points were taken on the top center of the specimen, and the remaining two test points were taken at the bottom center of the specimen. Specimen prepared under standard compactive effort offered little resistance to the SH-1 dual-needle probe, which was inserted the full depth of the needles into the soil easily. Specimen compacted under modified compactive effort offered increased resistance to the sensor. To minimize the potential for bending or breaking the sensor, holes of a slightly smaller diameter than the sensor needles were predrilled into the soil. According to the KD2 Pro operator's manual ͑2006͒ "A 1% change in needle spacing results in a 2% error in measurement of diffusivity and specific heat." The SH-1 sensor's performance was verified each day of testing using the provided Delrin block. After allowing the sensor and specimen to come to temperature equilibrium, the four readings were taken. The specimen was then extruded for moisture content determination.
The moisture content of each specimen was determined by two different methods. The first method was in accordance with ASTM standard D2216 ͑ASTM 2005͒ ͑laboratory oven method͒. The specimen was shredded over a grater and quickly mixed to obtain a representative sample. A portion of the soil was placed into two tare cans, which were then placed in the laboratory oven at 110°C for a minimum of 16 h. After 16 h of drying time, the samples were removed from the oven, allowed to cool and a dry mass of the tare can and sample was recorded. The average of the two moisture content samples was used as the moisture content of the sample. The second method of determining moisture content was in accordance with ASTM standard D4959 ͑direct heat method͒ with the aid of a Kessler Soils Engineering Products FMO200 Field Moisture Oven. The grated sample was placed on a sample tray, leveled, and the tray with sample placed in the field moisture oven. Four moisture content samples were tested from each specimen. The results of the field moisture oven were recorded, but not taken to be the specimen moisture content.
Results and Discussions
FMO200 Field Moisture Oven
The moisture content as determined by ASTM standard D2216 ͑laboratory oven method͒ is generally regarded as the most accurate method of determining the gravimetric moisture content of soil. Two samples from each tested specimen were evaluated following ASTM D2216 to determine the "true" moisture content of the sample, against which the values determined from the FMO200 Field Moisture Oven were then compared. Fig. 1 shows all four FMO200 moisture content determinations per specimen plotted against the average value from the two
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laboratory oven moisture content determinations. As can be seen in the plots, the data from the field oven is somewhat scattered. This scatter was noticed to a greater extent with increasing moisture content, especially in the specimen compacted under modified Proctor effort. The field oven data points vary farther from the 45°line as the moisture content of the specimen increases.
KD2 Pro Thermal Properties Testing
The purpose of the KD2 Pro thermal properties testing is to attempt to make a correlation between thermal properties of the subject soil, compaction ͑or water content͒ and modulus values. Data collected in this study is presented in various formats to show relationships between the thermal conductivity of soil and other useful engineering properties. Fig. 2 shows the correlation between thermal conductivity and bulk density of specimen compacted under both standard and modified Proctor energies. For each specimen, four values of thermal conductivity were measured and plotted against the bulk density calculated using appropriate weight volume relationships.
The bulk or wet, density of soil is defined as the mass of soil and water particles occupying a particular volume. As can be seen, a linear relationship exists between the two properties of the soil. The thermal conductivity of the soil increases as the bulk density increases. The linearly increasing correlation between thermal conductivity and bulk density supports the findings of Nusier and Abu-Hamdeh ͑2003͒, who attempted to test two types of soil at three specified bulk densities. Fig. 3 shows the correlation between thermal conductivity and water content of specimen compacted under both standard and modified Proctor energies. As in the comparison of thermal conductivity versus bulk density, four measured values of thermal conductivity for each specimen were used, and were plotted against the average of the two laboratory oven moisture content values for each specimen. In Fig. 3 , a peak thermal conductivity value exists at a moisture content slightly higher than optimum moisture content as determined by either the standard or modified Proctor compaction curves. This seems to agree with the understanding that at optimum moisture content the soil particles are in the tightest configuration, therefore reducing the amount and volume of void spaces. It is noted that the air and water that fills void spaces in the soil matrix have much lower thermal conductivities than the solid particles in the soil matrix.
Ultrasonic pulse velocity measurements were carried out on the same silt ͑Weidinger 2008͒. By measuring the velocity of the P and S waves through a soil sample, the shear modulus, Young's modulus, and Poisson's ratio can be determined at the strain level of 10 −4 %. The silt was prepared and compacted ͑both standard and modified proctor compactions͒ into a 152-mm ͑6-in.͒ split proctor mold following the same protocol in this study. After compaction, the sample was gently extruded from the split mold, wrapped in elastic wrap, placed inside a sealed bag, and cured in a moist room. Before each test, the sample was trimmed carefully to a diameter 71 mm ͑2.8 in.͒ to fit the size of the ultrasonic velocity testing platens, which were mounted in a triaxial cell so that the normal load applied to the specimen in each test could be closely monitored. All tests were conducted without the exterior acrylic cylinder to the triaxial cell. The detailed testing procedures can be found at Weidinger ͑2008͒.
The ultrasonic pulse velocity measurements on compacted silts were used in regression analyses to correlate the soil modulus to its moisture contents. Eqs. ͑1͒-͑4͒ were determined to calculate Chi square tests were also conducted on measured modulus values against Eqs. ͑1͒-͑4͒ and the results showed that there is a less than 5% probability that any deviation from calculated modulus values is due to chance only, which is within the range of typical acceptable deviation. Using the regression equations and specimen moisture contents, graphical comparisons of thermal conductivity and Young's modulus as well as thermal conductivity and shear modulus were obtained. These comparisons can be seen in Figs. 4 and 5. If the Young's modulus for the standard Proctor regression equation is calculated at optimum moisture content ͑OMC͒, the calculated Young's modulus is near the peak value of thermal conductivity shown in Fig. 4 . It should be noted that the data points shown in Figs. 4 and 5 were obtained at neither constant moisture contents nor constant dry/bulk unit weights. Instead, the curves correspond to a constant compaction effort. The same trends observed in Fig. 3 , between thermal conductivity and water content can be observed; however, it is difficult to bring soil modulus into the picture.
Conclusions
Although thermal properties of soils have long been a topic of interest of soil scientist and biologists, engineering applications of soil thermal properties has not been widely studied. The measurement of thermal conductivity of compacted soils is quick, easy, and has been shown to correlate with other mechanical properties of the soil, namely compaction and elastic moduli. Laboratory determination of the thermal conductivity of soil can be quickly and easily performed in conjunction with a standard or modified Proctor test, as in this study. Using this laboratory data, it may be possible to develop a model for field evaluation of relative compaction. Thermal conductivity of the compacted silt in this study was shown in Fig. 3 to exhibit a peak thermal conductivity value at a moisture content slightly above OMC as determined by the standard and modified Proctor compaction curves. Similarly, thermal conductivity displays easily observed correlations to the elastic moduli. However, it is also the writers' opinion that the small scale measurements possible with the thermal probe might not provide enough information to be very useful in field monitoring for the elastic modulus. Further investigation is recommended and needed. 
